Formate stimulates sodium chloride and fluid reabsorption in kidney proximal tubule, however, the exact cellular mechanism of this effect remains unknown. We hypothesized that the primary target of formate is the apical Na in proximal tubule cells, with pH i increasing from baseline levels 7.15 ± 0.02 to 7.36 ± 0.02 (p<0.02, n=11). Acetate, at 50µM, had no effect on intracellular pH. Formate effect was observed both in the absence and presence of CO 2 /HCO 3 -in the media. We conclude that formate stimulates the apical Na + /H + exchanger NHE3 in kidney proximal tubule.
Abstract
Formate stimulates sodium chloride and fluid reabsorption in kidney proximal tubule, however, the exact cellular mechanism of this effect remains unknown. We hypothesized that the primary target of formate is the apical Na Addition of formate to the lumen and bath in outer medullary collecting duct, which does not express any apical Na + /H + exchanger, did not cause any cell pH alkalinization. At lower concentrations (50 µM) formate caused significant intracellular pH alkalinization in proximal tubule cells, with pH i increasing from baseline levels 7.15 ± 0.02 to 7.36 ± 0.02 (p<0.02, n=11). Acetate, at 50µM, had no effect on intracellular pH. Formate effect was observed both in the absence and presence of CO 2 /HCO 3 -in the media. We conclude that formate stimulates the apical Na + /H + exchanger NHE3 in kidney proximal tubule.
We propose that formate stimulation of chloride reabsorption in proximal tubule is indirect and is secondary to the activation of apical of Na In proximal tubule of rabbit, rat and mouse kidney, addition of low concentrations of formate to the luminal and peritubular solutions increased the rate of NaCl absorption (1, 2) . The formate-stimulated NaCl absorption was electroneutral and inhibited in the presence of DIDS (1-3; 5; 39; 44) . These results were interpreted to indicate the presence of a chloride/formate exchanger in apical membranes of proximal tubule (5) . were cut and transferred to the dissection chamber. Proximal straight tubules were handdissected from cortical part of corticomedullary rays with sharpened forceps. Isolated proximal tubules were transferred to a 0.4 ml laminar-flow temperature-controlled specimen chamber mounted on the inverted Zeiss Axiovert S-100 microscope (Carl Zeiss, Inc., Thornwood, NY). Experiments were performed at 37° C. In vitro microperfusion of the isolated tubule segments was performed using concentric glass pipettes according to the method of Burg (9; 10) as previously described at 5 cm water pressure (24; 37) . Solutions used to perfuse and bath the tubules are listed in Table 1 .
Solutions were delivered to the specimen chamber in CO 2 Fig. 1a (representative tracings), addition of physiologic concentrations of formate (0.5 mM) to the bath and lumen (switching from formate free to formate containing solution 2, Table   1 ) caused significant intracellular alkalinization in isolated microperfused mouse kidney proximal tubules. Generation of cell alkalinization was fast and started immediately ( (representative tracings), the presence of EIPA at 500 µM in Na and Cl-containing perfusate completely blocked proximal tubule cell alkalinization in response to formate.
Summary of the results is included in Fig. 4b . As evident, presence of EIPA unmasks a cell acidification by formate (Fig. 4a) Table 1 ). The bath solution was the same as in Fig. 1 . As indicated in Fig. 4c and 4d (representative tracings and summary of results), in the presence of EIPA, removal of Cl 
Effect of formate on intracellular pH (pH i ) in kidney proximal tubule in the presence
of CO 2 /bicarbonate. In the next series of experiments the effect of formate on intracellular pH was measured in microperfused kidney proximal tubules in the presence of solutions simulating the physiologic milieu in late proximal tubule.
Toward this end, proximal tubules were isolated and perfused with a low bicarbonate (5 mM), high chloride (140 mM) acidic solution gassed with 5% CO 2 (pH 6.7). The bath solution consisted of 115 mM NaCl, 25 mM NaHCO 3 -and gassed with 5% CO 2 (pH 7.4). DIDS, at 0.5 mM, was added to the bath to inhibit basolateral Na:HCO 3 -cotransporter NBC1. At steady state, 0.5 mM formate was added to bath and perfusate. As indicated, addition of formate caused significant intracellular alkalinization (Fig. 6a) , with pH i increasing from baseline levels 7.34 ± 0.02 to 7.50 ± 0.02 (p<0.02, n=9 cells from 3 separate tubules from 3 different animals) (Fig. 6b) . As noted in Fig. 6 , presence of DIDS in the bath increased baseline pH i through inhibition of basolateral NBC1. It is worth mentioning that the increase in baseline pH i may reduce the magnitude of formate-induced cell alkalinization by decreasing the intracellular H + concentration, the substrate for NHE3. However, the inhibition of basolateral NBC1 by DIDS is necessary in order to observe the effect of alteration of luminal acid base transporters on intracellular pH (24) .
Effect of 50 µM formate or acetate on basal intracellular pH (pH i ) in kidney proximal
tubules. In the last series of experiments we examined the effect of a lower, more physiologic concentration of formate. Toward this end proximal tubules were perfused with solutions similar to Fig. 1 . At baseline pH i , 50 µM formate was added to bath and perfusate. As demonstrated in representative tracing in Fig. 7a , addition of 50 µM formate caused significant intracellular alkalinization, with pH i increasing from baseline levels 7.15 ± 0.02 to 7.36 ± 0.02 (p<0.02, n=11 cells from 3 separate tubules in 3 different animals) (Fig. 7b) . The pH i returned to baseline upon switching to formate free solutions (Fig. 7a) . In latter part of these experiments and in separate studies we examined the effect of 50 µM acetate added to bath and perfusate. As shown in Fig. 7a , addition of acetate had no effect on intracellular pH. Also tested in separate tubules or in reverse order in the same tubule (acetate first, formate next) we observed that acetate had no effect on cell pH whereas formate caused significant cell alkalinization. The most salient feature of the current studies is the stimulation of the apical Na + /H + exchanger in the proximal tubule by formate. This conclusion is supported by the generation of sodium-dependent, chloride-independent cell pH alkalinization by formate in kidney proximal tubule (Figs. 1-3 ). The conclusion is confirmed by the absence of cell alkalinization in the presence of EIPA, a strong inhibitor of NHE3 (Fig.4. ). Formate had no stimulatory effect on apical Cl -/base exchanger as determined by cell pH determination (Fig. 2) . The activation of NHE3 is fast and occurs in a matter of seconds (Figs. 1, 2) . The stimulatory effect of formate on apical Na + /H + exchanger activity was also observed at a lower and more physiologic concentration (Fig. 7) , consistent with the studies on net chloride and volume absorption in microperfused kidney proximal tubules (38) . The stimulatory effect of apical NHE by formate was unique to this chemical and was not shared by other monocarboxylates. This was specifically tested with acetate added to bath and perfusate, which showed no significant changes in cell pH (Fig. 7) . The stimulatory effect of formate on apical NHE was also observed in the presence of a perfusate simulating late proximal tubule (low bicarbonate, high chloride, acidic solution) (Fig. 6 ).
Discussion
While experiments in Figs. 1-7 demonstrate that the stimulatory effect of formate on apical Na In support of a unique role for formate in proximal tubule, we observed that formate had no alkalinizing effect on cell pH in OMCD cells (Fig. 5) , which do not have apical hypothesized that formate inhibits retinal mitochondrial function and increases oxidative stress, leading to cell injury and swelling. We hypothesize that equally plausible mechanism causing cell swelling in the retina is the activation of apical Na isoforms (i.e. NHE1 or 2) will remain speculative at the present and will be the subject of future investigations. downward, but not significant, trend in response to acetate, with pH i decreasing from 7.14 ± 0.02 in control to 7.10±0.02 in response to acetate, p>0.05).
